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DESCRIPTION 

Piezoelectric Ceramics and Piezoelectric Element 

5 TECHNICAL FIELD 

[0001] 

The present invention relates to piezoelectric 
ceramics including a bismuth layer con^osition and a 
piezoelectric element, such as a resonator using the 
10 piezoelectric ceramics as its piezoelectric siibstance, 

and particularly relates to piezoelectric ceramics and a 
piezoelectric element having a large Qmax- 

BACKGROUND ART 
15 [0002] 

2 » Description of the Related Art 
Piezoelectric cersunics is a material having a 
piezoelectric effect of changing an electric polarity by 
receiving an external stress and a converse piezoelectric 
20 effect of causing a distortion by being applied an 

electric field. Piezoelectric ceraanics are used not only 
in the field of electronic devices, such as a resonator 
and filter, but widely used for products using charges 
and potentials, such as a sensor and actuator. 
25 [0003] 

Currently, most of piezoelectric ceramics in 
practical use are generally f erroelectrics having a 
perovslcite structure of PZT (PbZrOa - PbTiOa solid 
solution) having a tetragonal system or rhombohedral 
30 system and PT (PbTiOa) having a tetragonal system. By 
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adding a variety of subcomponents thereto, a variety of 
demanded characteristics are obtained. 
[0004] 

However, many of PZT and PT piezoelectric ceramics 
5 in a practical composition have a Curie' s point of 200 to 
400 *C or so, and they become paraelectric at a higher 
temperature than that and the piezoelectric property is 
lost. Therefore, they cannot be applied to a use object 
at a high temperature, for exeunple, a nuclear reactor 
10 control sensor, etc. 
[0005] 

Also, PZT and PT piezoelectric ceramics as above 
include a relatively large amount of a lead oxide (PbO) 
in an amount of 60 to 70 wt% or so, and the lead oxide 
15 exhibits high volatility even at a low t^perature, which 
is not preferable in terms of environments. 
[0006] 

To solve the above disadvantages, as piezoelectric 
ceramics having a high Curie' s point and not including a 

20 lead oxide, those including a bismuth layer compound have 
been proposed (for example, the Patent Articles 1 to 3) . 
The patent article 1 discloses piezoelectric ceramics 
including BaBi4Ti40i5 as the main crystal phase and a sub 
crystal phase formed by a composite oxide of Ba and Ti in 

25 an eonount of 4 to 30 mole% in the entire weight. The 
patent article 2 discloses piezoelectric ceramics 
including a bismuth layer compound having Sr, Bi, Ti , Ln 
(lanthanoid) and SrBi4Ti40i5 type crystal, and a Mn oxide. 
Furthermore, the patent article 3 discloses piezoelectric 

30 ceramics including a bismuth layer compound having M^^ 
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(M is the element selected from Sr, Ba and Ca) , Bi, Ti, 
O and M^^Bi4Ti40i5 type crystal . 
[0007] 

A resonator as one piezoelectric element is used as 
5 an inductor. Therefore, piezoelectric ceramics used as a 
piezoelectric soobstance of a resonator is required to 
have a large Qmax* The Qmax indicates tanGmax when ass\aming 
that the maximxom value of a phase angle is Gmax- Namely, 
when assuming that ^^X" is reactance and ^^R" is resistance, 

10 it is a maximum value of Q(=|X|/R) between a resonant 

frequency and antiresonant frequency. Note that the Qmax 
has a property of changing its value due to a measurement 
frequency, and it is liable that the Qmax becomes lower 
when the measurement frequency becomes higher. 

15 [0008] 

Although the piezoelectric ceramics disclosed in 
the patent article 1 have attained an improvement of an 
electromechanical coupling coefficient ^^kr" , it is 
insufficient in the Qmax. Thus, it is hard to say that 

20 piezoelectric characteristics able to be used as a 

piezoelectric substance of a resonator are provided. The 
piezoelectric ceramics disclosed in the patent article 2 
have a large Qxnax/ but the Qmax is that in the fundamental 
wave mode in thiclcness vertical vibration. Therefore, 

25 sufficient piezoelectric characteristics are not obtained 
as piezoelectric ceramics using third harmonics of 
thiclcness vertical vibration and those using thickness- 
shear vibration. 
[0009] 

30 In the patent article 3, an evaluation of Qmax in 
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the third harmonic mode is made on thickness vertical 
vibration of piezoelectric ceramics according to the 
invention, but the evaluation is made at a relatively low 
frequency of 10 MHz or so. Generally, it is licdDle that 
5 the higher the measurement frequency becomes, the smaller 
the Qmax of piezoelectric ceramics becomes. Therefore, it 
is difficult for the piezoelectric ceramics described in 
the patent article 3 to respond to recent demands for 
attaining a higher frequency. 

10 [0010] 

Specifically, the patent article 3 discloses 
piezoelectric ceramics including Cao.9liao.iBi4Ti40i5 type 
crystal or Sro.9Lao.iBi4Ti40i5 type crystal as a main 
component and MnO as a subcomponent thereof . However , 

15 sufficient Qmax is not obtained by the piezoelectric 

ceramics even at a relatively low frequency of 10 MHz or 
so. Therefore, it is considered that when the measurement 
frequency becomes still higher, the Qmax furthermore 
declines . 

20 [0011] 

The patent article 3 also discloses piezoelectric 
ceramics utilizing thickness -shear vibration in addition 
to the piezoelectric ceramics utilizing" thickness 
vertical vibration as explained above. According to this 

25 article, piezoelectric ceramics having relatively high 

Qmax is obtained in a fundamental wave mode of thickness- 
shear vibration. However, even such piezoelectric 
ceramics utilizing thickness -shear vibration are also 
demanded to have an improved Qmax in the fundamental wave 

30 mode of thickness -shear vibration in terms of an 
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Improvement of resonator performance. 
[0012] 

Note that the patent article 3 describes ceramic 
particles (crystal grains) having a spindle or needle 
5 shape. And, an average particle diameter (average crystal 
diameter) in the long axis direction is disclosed. 
However, the average particle dieuneter considering only 
the long axis direction indicates lengths of the 
particles only in one direction and a shape of the actual 
10 ceramic particles is not considered. 
[0013] 

Furthermore, a vibration mode of piezoelectric 
STJbstance changes in accordance with an oscillation 
frequency and, logically, the thinner a thickness of the 

15 piezoelectric substance is, the higher the resonant 
frequency becomes. Accordingly, to respond to a high 
frequency, it is useful to make the piezoelectric 
substance a thin layer, however, there is a physical 
limitation in making a piezoelectric siabstance thinner. 

20 Thus, in piezoelectric ceramics utilizing thickness 

vertical vibration, a method of oscillating at a targeted 
frequency or lower and utilizing a higher harmonic 
thereof, such as a third harmonics, is used so as to deal 
with a high frequency. Moreover, to deal with a higher 

25 frequency, excellent piezoelectric characteristics, such 
as a high Qmax/ are demanded in the third harmonic mode of 
thickness vertical vibration at a higher frequency. 

[Patent Article 1] The Japanese Unexamined Patent 
Publication No, 2000-159574 

30 [Patent Article 2] The Japanese Unexamined Patent 
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Publication No. 2000-143340 

[Patent Article 3] The 
Publication No, 2001-192267 



Japanese Unexamined Patent 



5 SUMMARY OF THE INVENTION 

PROBIiEM TO BE SOLVED BY THE INVENTION 
[0014] 

An object of the present invention is to provide 
piezoelectric ceramics having a large Qmax in a third 

10 harmonic mode of thickness vertical vibration in a 

relatively high freq[uency band (for example, 16 to 65 
MHz) and a piezoelectric element, such as a piezoelectric 
ceramic resonator having the piezoelectric ceramics as a 
piezoelectric substance thereof. 

15 [0015] 

Another object of the present invention is to 
provide piezoelectric ceramics having a large Qmax in the 
fundcimental wave mode (for example, 4 to 12 MHz, 
particularly at 8 MHz) of thiclcness- shear vibration and a 

20 piezoelectric element, such as a piezoelectric ceramic 
resonator having the piezoelectric ceramics as a 
piezoelectric substance thereof. 

MEANS FOR SOLVING THE PROBLEM 
25 [0016] 

The present inventors have conducted experiments on 
an assumption that a particle diameter of ceramic 
particles composing the piezoelectric ceramics and the 
Qnax are in correlation in some ways, found that a Qmax 
30 value of the piezoelectric ceramics can be made large 
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even when measuring at a high frequency as well as that: 
in the case of measuring at a low frequency by 
controlling an average particle diameter of the ceramic 
particles after firing to be in a predetermined range, 
5 and completed the present invention. 
[0017] 

To attain the above object, according to a first 
aspect of the present invention, there is provided a 
piezoelectric ceramics having ceramic particles, wherein: 
10 the ceramic particles comprises 

bismuth layer compound containing at least Sr, 
Ln (note that Ln is a lanthanoid element), Bi, Ti and O 
and including M^^Bi4Ti40i5 type crystal (M^^ is an element 
composed of Sr and Ln) as a main component, and 
15 an oxide of Mn as a siibcomponent ; and 

an average particle diameter by the code length 
measuring method is 0.8 to 4.7 pm. 
[0018] 

In the piezoelectric ceramics according to the 
20 first aspect, preferably, the M^^Bi4Ti40i5 type crystal 

(M^^ is an element composed of Sr and Ln) is expressed by 
a composition formula (SraLnp)BiYTi40i5, wherein ^^a" 
satisfies a = 1-p, ^^P" satisfies 0.01 p ^0.50 and ^^y^' 
satisfies 3.80 ^ y < 4.50. 
25 [0019] 

In the piezoelectric ceramics according to the 
first aspect, preferably, a content of an oxide of the Mn 
is 0.1 to 1.0 wt% in terms of MnO. 
[0020] 

30 The piezoelectric ceramics according to the first 



aspect is preferably produced by a firing step controlled 
to be under the condition below. 

The firing temperature is preferably 1050 to 1250 *C, 
and more preferably 1100 to 1200 'C. 
5 The firing time is preferably 1 to 8 hours. 

When the firing temperature and firing time change, 
it is liable that an average particle diameter of ceramic 
particles composing the piezoelectric ceramics also 
changes. Therefore, in the first aspect, firing is 
10 performed under the above condition in terms of 

controlling the average particle diameter of the ceramic 
particles . 

[0021] 

A piezoelectric element according to the first 
15 aspect comprises a piezoelectric sxobstance comprising the 
piezoelectric ceramics as set forth in any one of the 
above. 

[0022] 

In the piezoelectric element according to the first 
20 aspect, it is possible that the maximum value Qmax of ^^Q" 
(Q = IXI/R, wherein ^^X" is reactance and ^^R" is 
resistance) between a resonant frequency' and antiresonant 
frequency with respect to the third harmonic wave of 
thiclcness vertical vibration in a relatively high 
25 frequency range of, for example, 16 to 65 MHz can be 
large. 

[0023] 

In the piezoelectric element according to the first 
aspect, the Qmax at 16 to 25 MHz or so can be prefercJbly 8 
30 or larger, the Qmax at 25 to 40 MHz or so can be 
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preferably 7 or larger, the Qmax in 45 to 55 MHz or so can 
be preferably 6.5 or larger, and the Qmax in 55 to 65 MHz 
or so can be preferably 6 or larger. 
[0024] 

5 Particularly, in the piezoelectric element 

according to the first aspect, preferably, a maximiom 
value Qmax of ^^Q'^ between a resonant frequency and an 
an ti resonant frequency with respect to a third harmonic 
wave of thickness vertical vibration at 24 MHz is 
10 preferably 8 or larger, and more preferably 9 or larger. 
[0025] 

As use objects in the third harmonic mode of 
thiclcness vertical vibration at 24 MHz, a HDD control IC 
and printer control IC, etc. may be mentioned, and the 

15 piezoelectric element according to the first aspect of 
the present invention can be preferably used for these 
use objects. When using in the use objects, preferc±>ly, a 
piezoelectric element having a Qxnax in the third harmonic 
mode of thiclcness vertical vibration at 24 MHz of 8 or 

20 larger is required. 
[0026] 

According to the second aspect of Mthe present 
invention, there is provided a piezoelectric ceramics 
having ceramic particles, wherein: 
25 the ceramic particles comprises 

bismuth layer compound containing at least Ca, 
Ln (note that Ln is a lanthanoid element) , Bi , Ti and O 
and including M^^Bi4Ti40i5 type crystal (M^^ is an element 
composed of Ca and Ln) as a main component, and 
30 an oxide of Mn as a subcomponent; and 
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an average particle diameter by the code length 
measuring method is 1.0 to 4.5 pm. 
[0027] 

In the piezoelectric ceramics according to the 
5 second aspect, preferably, the M^^Bi4Ti40i5 type crystal 

(M^^ is an element composed of Ca and Ln) is expressed by 
a composition formula (Cai-pIinp)BiYTi40i5/ and ^^P'' 
satisfies 0.01 ^ p ^ 0.5 and ^^y^' satisfies 3.80 < y - 
4.20. 
10 [0028] 

In the piezoelectric ceramics according to the 
second aspect, preferably, a content of an oxide of the 
Mn is 0.1 to 1.0 wt% in terms of MnO. 

[0029] 

15 The piezoelectric ceramics according to the second 

aspect is preferably produced by a firing step controlled 
to be under the condition below. 

The firing temperature is preferably 1100 to 1250 *C, 
and more preferably 1150 to 1200 °C. 
20 The firing time is preferably 1 to 3 hours. 

When the firing temperature and firing time change, 
it is liable that an average particle diameter of ceramic 
particles composing the piezoelectric ceramics also 
changes. Therefore, in the second aspect, firing is 
25 performed under the above condition in terms of 

controlling the average particle diameter of the ceramic 
particles . 

[0030] 

The piezoelectric element according to the second 
30 aspect comprises a piezoelectric substance formed by the 
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piezoelectric ceramics as set forth in any one of the 
above. 

[0031] 

In the piezoelectric element according to the 
second aspect, it is possible that the maximum value Qmax 
of ^^Q^' (Q = IX I /R, wherein ^^X'' is reactance and ^^R" is 
resistance) between a resonant frequency and antiresonant 
frequency with respect to the third harmonic wave of 
thickness vertical vibration in a relatively high 
frequency range of, for example, 16 to 65 MHz can be 
large . 

[0032] 

In the piezoelectric element according to the 
second aspect, the Qmax at 16 to 25 MHz or so can be 
preferably 8 or larger, the Qmax at 25 to 40 MHz or so can 
be preferably 7 or larger, the Qmax in 45 to 55 MHz or so 
can be preferably 6.5 or larger, and the Qmax in 55 to 65 
MHz or so can be preferably 6 or larger. 
[0033] 

Particularly, in the piezoelectric element 
according to the second aspect, a maximum value Qmax of 
^^Q'' between a resonant frequency and an .'antiresonant 
frequency with respect to a third harmonic wave of 
thickness vertical vibration at 60 MHz is preferably 6 or 
larger, and more preferably 6.2 or larger. 

[0034] 

As use objects in the third harmonic mode of 
thickness vertical vibration at 60 MHz, a microcomputer 
control in a personal computer, particularly in a hard 
disk, and microcomputer control for a printer, etc. may 
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be mentioned, and the piezoelectric element according to 
the second aspect of the present invention can be 
preferably used for these use objects. When using in the 
use objects, preferably, a piezoelectric element having a 
Qmax in the third harmonic mode of thickness vertical 
vibration at 60 MHz of 6 or larger is required. 
[0035] 

According to the third aspect of the present 
invention, there is provided a piezoelectric ceramics 
having ceramic particles, wherein: 

the cercunic particles comprises 

bismuth layer compound containing at least Ba, 
Sr, Ln (note that Ln is a lanthanoid element), Bi , Ti and 
O and including M^^Bi4Ti40i5 type crystal (M^^ is an 
element composed of Ba, Sr and Ln) as a main component, 
and 

an oxide of Mn and an oxide of 6e as a 
s ubcomponen t ; and 

an average particle diameter by the code length 
measuring method is 0.4 to 3.2 lom. 

[0036] 

In the piezoelectric ceramics according to the 
third aspect, preferably, the M^^Bi4Ti46i5 type crystal 
(M^^ is an element composed of Ba, Sr and Ln) is 
expressed by a composition formula (Bai-a-pSraLnp) BiYTi40i5 , 
and 

^^a" satisfies 0.1 ^ a ^ 0.6, ^^P" satisfies 0.05 ^ p 
<: 0.5 and ^^y" satisfies 3.90 < y — ^-^O in the 
composition formula. 

[0037] 
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In the piezoelectric ceramics according to the 
third aspect, preferably, a content of an oxide of the Mn 
is 0.1 to 1.0 wt% in terms of MnO, and 

a content of an oxide of the Ge is 0.05 to 0.5 wt% 
5 in terms of Ge02. 

[0038] 

The piezoelectric ceramics according to the third 
aspect is preferably produced by a firing step controlled 
to be under the condition below. 
10 The firing temperature is prefercJDly 1000 to 1200 'C, 

and more preferably 1050 to 1150 *C. 

The firing time is preferaLbly 1 to 8 hours. 
When the firing temperature and firing time change, 
it is liable that an average particle diameter of ceramic 
15 particles composing the piezoelectric ceramics also 
changes. Therefore, in the third aspect, firing is 
performed under the above condition in terms of 
controlling the average particle diameter of the ceramic 
particles . 
20 [0039] 

The piezoelectric element according to the third 
aspect comprises a piezoelectric substance formed by the 
piezoelectric ceramics as set forth in any one of the 
above. 
25 [0040] 

In the piezoelectric element according to the third 
aspect, it is possible that the maximum value Qmax of ^^Q" 
(Q = |X|/R, wherein ^^X" is reactance and ^^R" is 
resistance) between a resonant frequency and antiresonant 
30 frequency with respect to the fundamental wave of 
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thickness -shear vibration in a relatively high frequency 
range of, for example, 4 to 12 MHz can be large. 
[0041] 

In the piezoelectric element according to the third 
5 aspect, the Qmax at 4 to 6 MHz or so can be preferably 17 
or larger, and the Qmax in 10 to 12 MHz or so can be 
preferably 23 or larger. 
[0042] 

Particularly, in the piezoelectric element 
10 according to the third aspect, a maximum value Qmax of ^^Q" 
between a resonant frequency and an antiresonant 
frequency with respect to the fundamental wave of 
thiclcness- shear vibration at 8 MHz is preferably 23 or 
larger, more preferably 25 or larger, and particularly 
15 preferably 27 or larger. 
[0043] 

As use objects in the fundamental wave of 
thickness -shear vibration at 8 MHz, IC control to be 
installed in a vehicle and an IC for controlling AV 

20 apparatuses, etc. may be mentioned, and the piezoelectric 
element according to the third aspect of the present 
invention can be preferably used for these use objects. 
When using in the use objects, prefersibly, a 
piezoelectric element having a Qmax in the fundamental 

25 wave of thiclcness -shear vibration at 8 MHz of 23 or 
larger is required. 
[0044] 

In the first, second and third aspects of the 
present invention, an average particle diameter of 
30 ceramic particles is measured by the code length 
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measuring method for measuring an average particle 
diameter on an assumption that a shape of the ceramic 
particles is sphere. In the code length measuring method, 
an actual particle shape of the ceramic particles is 
5 reflected to the average particle dieoneter because the 
average particle diameter is measured on an assumption 
that the ceramic particles are sphere. 
[0045] 

The present inventors found that there was a 

10 certain correlation between an average particle diameter 
measured by the code length measuring method and a Qmax 
from experiments, namely, they found that the Qmax became 
small when an average particle diameter of ceramic 
particles after firing was too small or too large. On the 

15 other hand, a certain correlation as above was not found 
between the average particle diameter only considering in 
the long axis direction and a Qmax as described in the 
patent article 3. The reason thereof is not certain, but 
it is considered that a value of the average particle 

20 diameter does not reflect an actual particle shape of the 
cercunic particles in the average particle diameter only 
considering the long axis direction as .in the patent 
article 3 (The Japanese Unexamined Patent Publication No. 
2001-192267) . 

25 [0046] 

In the first, second and third aspects of the 
present invention, it is sufficient if the M^^Bi4Ti40i5 
type crystal has a composition close to M^^Bi4Ti40i5 and 
the composition may be deviated from that. For example, a 

30 ratio of Bi to Ti may be a little deviated from the 
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stoichiometric composition, and a part of respective 
elements considered to mainly siibstitute the M^^ site may 
substitute other side. Note that, in the present 
invention, the respective elements considered to 
5 substitute the M^^ site are Sr and Ln in the first aspect, 
Ca and Ln in the second aspect, and Ba, Sr and Ln in the 
third aspect. 
[0047] 

Also, the piezoelectric ceramics of the present 
10 invention include as a main component a bismuth layer 
compound comprising M^^Bi4Ti40i5 type crystal and, 
preferably, it is substantially composed of the crystal, 
but it does not has to be completely homogenized and may 
include, for example, a hetero-phase . 
15 [0048] 

In the present invention, Qmax is tanOmax when 
assuming that the maximum value of a phase angle is Smax. 
Namely, when assuming that ^^X" is reactance and ^^R'' is 
resistance, it is a maximum value of Q(=|X|/R) between a 
. 20 resonant frequency and antiresonant frequency. The larger 
the Qmax is, the more stsd^le the oscillation becomes and 
oscillation at a low voltage becomes possible. 
[0049] 

The piezoelectric element according to the first, 
25 second and third aspects of the present invention is not 
particularly limited, and a piezoelectric ceramic 
resonator, a filter, a sensor and an actuator, etc. may 
be mentioned. 

30 EFFECTS OF THE INVENTION 
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[0050] 

As described in the patent article 3, on a premise 
of being used in a relatively low frequency band, in the 
case where an average particle diameter of fired ceramic 
5 particles composing the piezoelectric ceramics is 

adjusted only in the long axis direction, a sufficiently 
large Qmax value cannot be obtained in many cases when it 
is used in a high frequency band as they are. 
Particularly, in the patent article 3, the piezoelectric 
10 cereunics including a bismuth layer compound including Sr 
and a Mn compound has a low Qmax value of 7 . 6 at a low 
frequency of 10 MHz or so. 
[0051] 

On the other hand, the piezoelectric ceramics 
15 according to the first aspect of the present invention 

have a specific composition of including a bismuth layer 
compound including Sr and a Mn compound and include 
ceramic particles controlled to have an average particle 
diameter in a predetermined range. Therefore, a Qmax value 
20 of the piezoelectric ceramics measured at the third 
harmonic mode of thickness vertical vibration at a 
relatively high frequency band of, for. example, 16 to 65 
MHz can be made large. Specifically, for example, a Qmax 
value at 24 MHz can be preferably 8 or larger. As a 
25 result, use in a high frequency band desired in recent 
years can be expected. 
[0052] 

The piezoelectric element according to the first 
aspect includes a piezoelectric substance formed by the 
30 piezoelectric ceramics according to the first aspect 
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explained above. Therefore, a Qmax value measured at the 
third harmonic mode of thickness vertical vibration in a 
relatively high frequency band is large and it can be 
used in a high frequency band. 
5 [0053] 

Also, the piezoelectric ceramics according to a 
second aspect of the present invention have a specific 
composition of including a bismuth layer compound 
including Ca and a Mn compound and include ceramic 

10 particles controlled to have an average particle diameter 
in a predetermined range. Therefore, a Qmax value of the 
piezoelectric ceramics measured at the third harmonic 
mode of thickness vertical vibration at a relatively high 
frequency band of, for exeunple, 16 to 65 MHz can be made 

15 large. Specifically, for example, a Qmax value at 60 MHz 

can be preferably 6 or larger. As a result, use in a high 
frequency band desired in recent years can be expected. 
[0054] 

The piezoelectric element according to the second 
20 aspect has a piezoelectric substance formed by the 

piezoelectric ceramics according to the second aspect. 
Therefore, a Qmax value measured at the. third haz^nonic 
mode of thickness vertical vibration at a relatively high 
frequency band is large and it can be used in a high 
25 frequency band. 

[0055] 

Furthermore, the piezoelectric ceramics according 
to the third aspect have a specific composition including 
a bismuth layer compound containing Ba, Sr and compounds 
30 of Mn and Ge and include ceramic particles controlled to 
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have an average particle diameter in a predetermined 
range. Therefore, a Qmax value of the piezoelectric 
ceramics measured at the fundamental wave mode of 
thickness -shear vibration in a freqpaency band of, for 
example, 4 to 12 MHz can be made large. Specifically, for 
example, a Qmax value in the fundamental wave mode of 
thickness -shear vibration at 8 MHz can be preferably 23 
or larger, more preferably 25 or larger, and particularly 
preferedDly 27 or larger. 

BRIEF DESCRIPTION OF DRAWINGS 
[0056] 

FIG. 1 is a perspective view of a piezoelectric 
ceramic resonator according to an embodiment of the 
present invention. 

FIG. 2 is a sectional view of a piezoelectric 
ceramic resonator according to an embodiment of the 
present invention. 

FIG. 3 is a view for explaining a measuring method 
of an average particle diameter of ceramic particles in 
the present invention. 

FIG. 4 is a SEM picture of a piezoelectric layer of 
the piezoelectric ceramics of an example 1-1 in exaimples 
of the present invention. 

FIG. 5 is a graph showing a relationship of an 
average particle diameter of ceramic particles and a Qmax 
in the example 1-1 in the examples of the present 
invention . 

FIG. 6 is a graph showing a relationship of an 
average particle diameter of ceramic particles and a Qmax 
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in an example 1-2 in the examples of the present 
invention . 

FIG. 7 is a graph showing a relationship of an 
average particle diameter of ceramic particles and a Qmax 
5 in an example 1-3 in the examples of the present 
invention . 

FIG. 8 is a graph showing a relationship of an 
average particle diameter of ceramic particles and a Qmax 
in an exeunple 1-4 in the examples of the present 
10 invention . 

FIG. 9 is a SEM picture of a piezoelectric layer of 
the piezoelectric ceramics of an example 2-1 in the 
examples of the present invention. 

FIG. 10 is a graph showing a relationship of an 
15 average particle diameter of ceramic particles and a Qmu 
in an exaxrple 2-1 in the examples of the present 
invention . 

FIG. 11 is a graph showing a relationship of an 
average particle diameter of ceramic particles and a Qmax 
20 in an example 2-2 in the examples of the present 
invention . 

FIG. 12 is a graph showing a relationship of an 
average particle diameter of ceramic particles and a Qmax 
in an example 2-3 in the examples of the present 
25 invention . 

FIG. 13 is a graph showing a relationship of an 
average particle diameter of ceramic particles and a Qmax 
in an example 2-4 in the examples of the present 
invention . 

30 FIG. 14 is a SEM picture of a piezoelectric layer 
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of piezoelectric ceramics in an example 3-1 in the 
examples of the present invention. 

FIG. 15 is a graph showing a relationship of an 
average particle diameter of ceramic particles and a Qmax 
in an example 3-1 in the examples of the present 
invention . 

FIG. 16 is a graph showing a relationship of an 
average particle diameter of ceramic particles and a Qmax 
in an example 3-2 in the examples of the present 
invention. 

FIG. 17 is a graph showing a relationship of an 
average particle diameter of ceramic particles and a Qmax 
in an example 3-3 in the examples of the present 
invention . 

FIG. 18 is a graph showing a relationship of an 
average particle diameter of ceramic particles and a Qmax 
in an example 3-4 in the examples of the present 
invention . 

FIG. 19 is a graph showing_-a relationship of an 
average particle diameter of ceramic particles and a Qmax 
in an example 3-5 in the examples of the present 
invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 
[0057] 

Below, the present invention will be explained 
based on embodiments shown in the drawings . 

In the present embodiments, a piezoelectric ceramic 
resonator including piezoelectric ceramics will be 
explained as an example of a piezoelectric elCTient. 
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[0058] 

First Embodiment 

In the first embodiment, piezoelectric ceramics 
include at least Sr, Ln, Bi , Ti and O, a bismuth layer 
compound including M^^Bi4Ti40i5 type carystal (M^^ is an 
element composed of Sr and Ln) as a main component, an 
oxide of Mn as a subcomponent, and ceramic particles 
controlled to have an average particle diameter in a 
predetermined range. 

[0059] 

Piezoelectric ceramics and piezoelectric ceramic 
resonator of the first embodiment can obtain a larger 
Qmax of ^^Q" between a resonant frequency and an 
antiresonant frequency with respect to a third harmonic 
wave of thiclcness vertical vibration at 16 to 65 MHz, 
particularly at 24 MHz. 
[0060] 

Below, the first embodiment of the present 
invention will be explained. 

Piezoelectric Ceramic Resonator 

As shown in FIG. 1 and FIG. 2, the piezoelectric 
ceramic resonator 1 according to the first embodiment 
includes a resonator element body 10 having the 
configuration that the piezoelectric substance layer 2 is 
sandwiched by two vibrating electrodes 3. The vibrating 
electrodes 3 are formed at the center of upper and lower 
surfaces of the piezoelectric substance layer 2 . The 
shape of the resonator element body 10 is not 
particularly limited, but is normally rectangular 
parallelepiped. Also, the size is not particularly 
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limited and may be a size in accordance with the use 
object, but is normally 1.0 to 4.0 mm in length x 0.5 to 
4.0 ram in width x 50 to 300 yxm in height or so. 
[0061] 

The piezoelectric s\ibstance layer 2 includes the 
piezoelectric ceramics according to the first aspect of 
the present invention. 

The piezoelectric ceramics according to the first 
aspect includes ceramic particles. 

The ceramic particles include a main component 
including a bismuth layer compound and a subcomponent 
including at least an oxide of Mn. 

[0062] 

The above bismuth layer compound has a layered 
configuration that a pseudo-perovslcite structure layer is 
sandwiched by a pair of layers of Bi and O. 

In the first embodiment, the bismuth layer compound 
contains at least Sr, Ln (note that Ln is lanthanoid 
element), Bi, Ti and O, and includes M^^Bi4Ti40i5 type 
crystal. In the first embodiment, M^^ in the M^^Bi4Ti40i5 
type crystal is an element composed of Sr and Ln, and the 
M^^Bi4Ti40i5 type crystal is preferably expressed by a 
composition formula of (Sra Lnp)BiY Ti40i5 . Note that, in 
the present invention, an oxygen (O) amount may be a 
little deviated from the above stoichiometric composition. 

[0063] 

In the above composition formula, ^^a'^ indicates the 
number of atoms of Sr. It is preferable that a = 1-p . 
Namely, in the first embodiment, an amount of Sr may be 
determined in accordance with an amount of Ln (a value of 
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P) in the M^^ site. 
[0064] 

Preferably, ^^P" in the composition formula 
satisfies 0.01 < p < 0.50, more preferably 0.05 ^ p ^ 
5 0.30. The ^^p'' indicates the number of atoms of Ln. Ln has 
an effect of improving Qmax* Here, Ln indicates a 
lanthanoid el^nent, and the lanthanoid element is La, Ce, 
Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu. 
Among them, particularly at least one kind of element 
10 selected from La, Pr, Ho, Gd, Sm and Er is prefere±>le. 
When the p value is too small, the Qmax tends to decline, 
while when too large, the Qmax also tends to decline. Note 
that, in the first embodiment, the Qmax means a value in 
the third harmonic mode of thickness vertical vibration 
15 at 24 MHz. 

[0065] 

In the above composition formula, ^^y" preferably 
satisfies 3.80 < y - ^-^O/ arid more preferably 3.90 ^ y < 
4.20. The ^^y" indicates the nximber of atoms of Bi . ^en 

20 the ^^y" is in the above ranges, a mechanical quality 

coefficient (Qm) can be improved. When the y value is too 
small, the sinterability declines and the Qmax tends to 
decline, while when too large, the electric resistance 
declines, so that the polarization becomes difficult and 

25 the Qmax tends to decline. 
[0066] 

A content of Mn oxide is preferably 0.1 to 1.0 wt%, 
and more preferably 0.3 to 0.7 wt% in terms of MnO. When 
the content of Mn oxide is too small, the Qmax tends to 
30 decline, while when too large, it is liable that the 
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Insulation resistance declines and polarization becomes 
difficult. 

[0067] 

Also, the ceramic particles may also include as 
5 impurities or a trace of additives conpounds other than 
the above, for example, oxides of elements of Ca, Sn, Mo, 
W, Y, Zn, Sb, Si, Nb and Ta. Note that a content in that 
case is preferably 0.01 wt% or smaller with respect to 
the entire piezoelectric ceramics in terms of oxides of 
10 respective elements . 
[0068] 

A characteristic of the first embodiment is that 
the ceramic particles have an average particle diameter 
of 0.8 to 4.7 pm. When the average particle diameter of 

15 the ceramic particles is in the above range, the Qmax of 
the piezoelectric ceramics in the third harmonic mode of 
thiclcness vertical vibration in a relatively high 
frequency band (for example, 16 to 65 MHz) can be made 
large. The present inventors have found that the Qmax 

20 tends to decline when the average particle diameter of 
the cereunic particles is too small or too large. 
According to the Icnowledge of the present inventors , this 
tendency becomes notable in the case of a relatively high 
measurement frequency (for example, 16 to 65 MHz) 

25 comparing with the case of a relatively low measurement 
frequency (for exan^le, 10 MHz) . 
[0069] 

Note that the reason why the Qmax in the third 
harmonic mode of thickness vertical vibration can be made 
30 large by setting an average particle diameter of the 
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ceramic particles in the above range is not certain, but 
the reason below may be considered. 

Namely, it is considered that when the average 
particle diameter of the ceramic particles is in the 
above predetermined range, it becomes possible to control 
a hole voliome per one ceramic particle in the 
piezoelectric ceramics sintered body and unify a hole 
distribution in the sintered body. 

[0070] 

The lower limit of the average particle diameter is 
0.8 pm or larger, preferably 0.9 pm or larger, 
furthermore preferably 1.0 pm or larger, particularly 
preferably 1.20 ]im or larger, and most preferably 1.50 pm 
or larger. Also, the upper limit of the average particle 
diameter is 4.7 pm or smaller, preferably 4 . 6 pm or 
smaller, more preferably 4.0 pm or smaller, furthermore 
preferably 3.7 pm or smaller, particularly preferably 
3.50 pm or smaller, and most preferably 3.30 pm or 
smaller. 

[0071] 

Note that an average particle diameter of the 
ceramic particles in the present embodiment is measured 
by the code length measuring method explained below. In 
the code length measuring method, the average particle 
diameter is measured on an assTomption that a shape of the 
ceramic particle is sphere. FIG. 3 is a view for 
explaining the measuring method of the average particle 
diameter of the ceramic particles in the present 
invention . 

[0072] 
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First, the piezoelectric substance layer 2 composed 
of the piezoelectric ceramics is cut, and a SEM picture 
of the cut surface is taken by a scanning electronic 
microscope (SEM) . Next, a straight line is drawn on the 
5 obtained SEM picture as shown in FIG. 3, and the number 
of particles (the number of particles: n) existing on the 
straight line and a distance (a code length: L3) that the 
straight line passes through each of the particles 
existing on the straight line are obtained. Then, by 

10 obtaining a total (SL3) of code lengths (L3) of the 

respective particles and dividing the result (EL3) by the 
number of particles (n) , an average code length (Ii3(ave): 
L3(ave) = SL3/n) is obtained. Next, by multiplying the 
obtained average code length (L3(ave)) with a constant ^^k" 

15 (k = 1.5), an average particle dicuneter (6(ave) ^ G(ave) = 
L3(ave) X 1-5) is obtained. Here, the constant ^^k" (=1.5) 
is a constant to be multiplied on an assxjmption that the 
shape of the ceramic particles is sphere. Note that, in 
FIG. 3, only one straight line is— drawn, but a plurality 

20 of straight lines are normally drawn on one SEM picture 

and particle disuneters are measured on particles existing 
on the lines when measuring an average particle diameter. 
[0073] 

Also, as is obvious from FIG. 3, a direction of the 
25 straight line drawn on the SEM picture does not always 
match with a direction of a long axis of the ceramic 
particles, and the straight line and ceramic particles 
normally cross at arbitrary directions. Therefore, in the 
measuring method of a code length, particle diameters are 
30 measured in the arbitrary direction on respective 
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particles, consequently, an average particle diameter 
reflecting actual particle shapes of the ceramic 
particles is obtained. 
[0074] 

5 In the first embodiment, the ceramic particles are 

composed to have the above predetermined composition and 

made to have an average particle diameter of 0.8 to 4.7 

pm, so that it is possible to obtain piezoelectric 

ceramics and a piezoelectric ceramic resonator having a 

10 large Qmax in the third harmonic mode of thickness 

♦ 

vertical vibration. In the first embodiment, since 
piezoelectric ceramics including ceramic particles as 
above are used, the Qmax in the third harmonic mode of 
thickness vertical vibration at 24 MHz can be preferably 
15 8 or larger, and more preferably 9 or larger. 
[0075] 

A thickness of the piezoelectric substance layer 2 
is not particularly limited, but is normally 50 to 300 pm 
or so. Also, in the first embodiment, a polarization 
20 direction of the piezoelectric siobstance layer 2 is the 
same as a thickness direction of the piezoelectric 
s\ibstance layer 2. 
[0076] 

A conductive material included in the vibrating 
25 electrodes 3 is not particularly limited and, for example, 
Ag, etc. may be used. Also, a shape of the vibrating 
electrodes 3 is not particularly limited, but it is 
preferably a circular shape having a diameter of 0.5 to 
3.0 mm and the thickness is normally 0.5 to 5 ym or so in 
30 the present embodiment. 
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[0077] 

Production Method of Piezoelectric Ceramic 
Resonator 

The piezoelectric ceramic resonator 1 of the first 
5 embodiment is produced by granulating piezoelectric 

ceramics material powder, performing press molding and 
firing to produce a piezoelectric substance layer, 
performing polarization processing on the piezoelectric 
substance layer and forming a vibrating electrode by a 
10 vacuum evaporation method or sputtering method. Below, 
the production method will be explained specifically. 
[0078] 

First, main component materials and subcomponent 
materials composing piezoelectric ceramic material powder 

15 are prepared. 

As the main conponent materials, oxides of 
respective elements composing the bismuth layer compound 
explained above and/or compounds which become these 
oxides after firing may be used. -As the subcomponent 

20 materials, oxides of respective subcomponents explained 
above and/or compounds which become these oxides after 
firing may be used. Also, as the compounds which become 
oxides after firing, for example, carbonates, hydroxides, 
oxalates and nitrites, may be mentioned. An average 

25 particle diameter of the main component materials and 
sxibcomponent materials is preferably 1.0 to 5.0 pm* 
[0079] 

Next, the main component materials and subcomponent 
materials are wet mixed by a ball mill, etc. 
30 [0080] 
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Next, material powder subjected to wet mixing is 
temporarily molded in accordance with need and calcined 
to obtain a calcined material. In the first embodiment, 
the calcined material contains a bismuth layer compound 
5 including M^^Bi4Ti40i5 type crystal (M^^ is an element 

composed of Sr and Ln) , an oxide of Mn and/or a compound 
which becomes an oxide of Mn after firing. 
[0081] 

A condition of the calcining is a calcining 

10 temperature of preferadDly 700 to 1000*C, more prefersdDly 
750 to 850* C, and calcining time of preferably 1 to 3 
hours or so. When the calcining ten^erature is too low, 
it is liable that the chemical reaction becomes 
insufficient, while when too high, the temporary mold 

15 starts to be sintered, and pulverization after that tends 
to become difficult. The calcining may be performed in 
the air, in an atmosphere having a higher oxygen partial 
pressure than that of the air, or in a pure oxygen 
atmosphere . 

20 [0082] 

Next, the calcined material obtained by the 
calcining is made to be slurry, finely pulverized, then, 
the slurry is dried, so that piezoelectric ceramic 
material powder is obtained. The fine pulverization can 

25 be performed, for example, by wet pulverization by a ball 
mill, etc. At this time, it is preferable to use as a 
solvent of the slurry water, ethanol, other alcohol or a 
mixed solvent of water and ethanol . 
[0083] 

30 PreferadDly, the fine pulverization above is 
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performed, so that the 50% diameter (D50 diameter) of 
piezoelectric ceramic material powder to be obtained in a 
cimiulative niomber-size distribution becomes preferably 
0,35 to 1.90 yim, and more preferably 0.40 to 1.83 ]jm. 
5 Note that the D50 diameter can be measured, for example, 
by a laser light diffraction method, etc. 
[0084] 

Next, the obtained piezoelectric ceramic material 
powder obtained as above is added with a binder in 
10 accordance with need, granulated, then, press molded, so 
as to obtain a mold. As the binder, polyvinyl alcohol, 
polyvinyl alcohol added with dispersant and ethyl 
cellulose and other generally used organic binder may be 
mentioned. Also, weight at the press molding may be, for 
15 example, 100 to 400 MPa. 
[0085] 

Next, binder removal processing is performed on the 
mold. The binder removal processing is preferably 
performed at 300 to 700 'C for 0.5 to 5 hours or so. The 
20 binder removal processing may be performed in the air, in 
an atmosphere having a higher oxygen partial pressure 
than that of the air, or in a pure oxygen atmosphere. 
[0086] 

After performing the binder removal processing, 
25 firing is performed to obtain a sintered body of 
piezoelectric ceramics. The firing is preferably 
performed under the condition below. Namely, the firing 
temperature is preferably 1050 to 1250 °C, and more 
preferably 1100 to 1200 'C. Also, the firing time is 
30 preferably 1 to 8 hours or so. When the firing 
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temperature and firing time change/ it is lieJ^le that an 
average particle diameter of the ceramic particles 
composing the piezoelectric ceramics also changes, so 
that the firing is preferc±>ly performed under the above 
5 condition in terms, of controlling the average particle 
diameter of the ceramic particles . In the present 
embodiment, by controlling the firing condition as above, 
there are advantages that the average particle diameter 
of the ceramic particles is controlled, fine sintered 
10 body can be obtained, and the Qmax can be iicproved. 
[0087] 

It is liable that sintering becomes insufficient 
when the firing temperature is too low, and a function as 
piezoelectric ceramics tends to becomes insufficient, 

15 When the firing temperature is too high, Bi evaporates, 
deviation of the composition is caused and an average 
particle diameter of the ceramic particles becomes too 
large, so that the Qmax tends to decline. When the firing 
time is too short, the sintering tends to become 

20 insufficient, while when too long, the average particle 
diameter becomes too large, Bi evaporates and holes 
become large, so that the Qmax tends to decline. Note that 
firing may be performed in the air, in an atmosphere 
having a higher oxygen partial pressure than that of the 

25 air, or in a pure oxygen atmosphere. 
[0088] 

Note that the binder removal step and firing step 
may be performed successively or separately. 
[0089] 

30 Next, a sintered body of the piezoelectric ceraunics 
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obtained by the firing is cut to be a thin plate to 
obtain a sintered thin plate and surface processing by 
lapping is performed. Cutting of the sintered body may be 
performed by using a cutting machine, such as a cutter, 
5 slicer, and dicing saw. 
[0090] 

Next, on both surfaces of the thin plate sintered 
body, temporary electrodes for polarization processing 
are formed. A conductive material for composing the 

10 temporary electrodes is not particularly limited, but Cu 
is preferaJble because it can be easily removed by etching 
processing by a ferric chloride solution. Formation of 
the temporary electrodes is preferably performed by using 
the vacuum evaporation method and sputtering. 

15 [0091] 

Next, polarization processing is performed on the 
thin plate sintered body having temporary electrodes 
formed for polarization processing. A condition of the 
polarization processing may be suitably determined in 

20 accordance with a composition of the piezoelectric 

ceramics, and normally the polarization temperature may 
be 150 to 300 "C, the polarization time jiiay be 1 to 30 
minutes and a polarization electric field may be 1.1 
times the coercive electric field of the sintered body or 

25 higher. Also, in the first embodiment, the polarization 
processing is performed, so that the polarization 
direction of the sintered body becomes the Scune as the 
thickness direction of the piezoelectric substance layer 
2. 

30 [0092] 
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Next/ the tenporary electrodes are removed by 
etching processing , etc. from the sintered body subjected 
to polarization processing, the result is cut to be a 
desired element shape, then, vibrating electrodes 3 are 
5 formed. A conductive material composing the vibrating 

electrodes 3 is not particularly limited and Ag, etc. may 
be. used. Formation of the vibrating electrodes may be 
performed by using the vacuum evaporation method and 
sputtering . 

10 As explained above, the piezoelectric ceramic 

resonator of the present embodiment is produced. 
[0093] 

According to the first embodiment, in the 
piezoelectric ceramics and the piezoelectric ceramic 

15 resonator, it is possible to attain the Qmax in the third 
harmonic mode of thickness vertical vibration at 24 MHz 
of preferably 8 or larger, and more preferably 9 or 
larger. The reason why the measurement frequency is set 
-to 24 MHz is to deal with an HDD control IC and printer 

20 control IC, etc. In the case of being used for the use 
objects, preferably, the piezoelectric ceramics having 
the Qmax in the third harmonic mode of thickness vertical 
vibration at 24 KHz of 8 or larger is demanded. 
[0094] 

25 Note that, in the first embodiment, a Qmax in the 

third harmonic mode of thickness vertical vibration at 24 
MHz was explained, however, the piezoelectric ceramic 
resonator of the first embodiment has a large Qmax also in 
a frequency band of 16 to 65 MHz or so and may be also 

30 suitably used in that frequency band. According to the 
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first embodiment, for example, the Qmax at 16 to 25 MHz or 
so can be 8 or larger, the Qmax at 25 to 40 MHz or so 
(particularly 33 MHz) can be 7 or larger, the in 45 

to 55 MHz or so (particularly 50 MHz) may be preferably 
6.5 or larger, and the Qmax in 55 to 65 MHz or so 
(particularly 60 MHz) may be preferably 6 or larger. 
[0095] 

Second Embodiment 

In the second embodiment, piezoelectric ceramics 
include at least Ca, Ln, Bi, Ti and O, a bismuth layer 
coirqpound including M^^Bi4Ti40i5 type crystal (M^^ is an 
element composed of Ca and Ln) as the main component, an 
oxide of Mn as the siibcomponent , and ceramic particles 
controlled to have an average particle diameter in a 
predetermined range. 

[0096] 

Piezoelectric ceramics and piezoelectric ceramic 
resonator of the second embodiment can obtain a larger 
Qmax of ^^Q'' between a resonant frequency and an 
antiresonant frequency with res;pect to a third harmonic 
wave of thickness vertical vibration at 16 to 65 MHz, 
particularly at 60 MHz. 

[0097] 

Below, the second embodiment of the present 
invention will be explained. 

Note that the second embodiment has the same 
configuration and effects as those in the first 
embodiment except for the explanation below, and an 
explanation on the overlapping part will be omitted. 
[0098] 
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In the piezoelectric cersunic resonator 1 in the 
second embodiment, the piezoelectric substance layer 2 is 
different comparing with that in the first embodiment. 

[0099] 

The piezoelectric substance layer 2 of the second 
embodiment includes the piezoelectric ceramics according 
to the second aspect of the present invention. 

The piezoelectric ceramics according to the second 
aspect include ceramic particles . 

The ceramic particles include a main component 
including a bismuth layer compound and a subcomponent 
including at least an oxide of Mn. 

[0100] 

The bismuth layer compound has a layered 
configuration that a pseudo-perovslcite structure layer is 
sandwiched by a pair of layers of Bi and O. 

In the second ^nbodiment, the bismuth layer 
compound contains at least Ca, Ln (note that Ln is 
lanthanoid element), Bi, Ti and O, and includes 
M^^Bi4Ti40i5 type crystal. In the second embodiment, M^^ in 
the M^^Bi4Ti40i5 type crystal is an element composed of Ca 
and Ln and preferably expressed by a composition formula 
of (Cai-p Lnp)BiYTi40i5. Note that, in the present 
invention, an oxygen (O) amount may be a little deviated 
from the above stoichiometric composition. 
[0101] 

In the above composition formula, ^^p" preferably 
satisfies 0.01 < p <^ 0.5, and more preferably 0.03 ^ P ^ 
0.3. The ^^p" indicates the nxamber of atoms of Ln , Ln has 
an effect of improving Qmax. Ln indicates a lanthanoid 
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element: and t:he same malierials as t:hose in t:he first 
embodiment may be used. Note that, in the second 
embodiment, the Qmax means a value in the third harmonic 
mode of thickness vertical vibration at 60 MHz. 
5 [0102] 

In the cdDove composition formula, ^^y" preferably 
satisfies 3.80 ^ y ^ 4.20, and more preferably 3.90 ^ y ^ 
4.15. The ^^y'' indicates the niimber of atoms of Bi . When 
the ^^y" is in the adDove ranges, a mechanical quality 

10 coefficient (Qm) can be improved. When the y value is too 
small , the sinterability declines and the Qmax tends to 
decline, while when too large, the electric resistance 
declines, so that the polarization becomes difficult and 
the Qmax tends to decline. 

15 [0103] 

A content of Mn oxide may be the same as that in 
the first embodiment. Also, in the second embodiment, the 
same impurities and a trace of additives may be included 
in the same amount as that in the first -embodiment. 

20 [0104] 

A characteristic of the second embodiment is that 
the ceramic particles have an average particle disuneter 
of 1.0 to 4.5 pm. When the average particle diameter of 
the ceramic particles is in the above range, the Qmax of 

25 the piezoelectric ceramics in the third harmonic mode of 
thiclcness vertical vibration in a relatively high 
frequency band (for exaunple, 16 to 65 MHz) can be made 
large. The present inventors have found that the Qmax 
tends to decline when the average particle diameter of 

30 the cereunic particles is too small or too large. 
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According to the knowledge of the inventors, this 
tendency becomes notable in the case of a relatively high 
measurement frequency (for example, 16 to 65 MHz) 
comparing with the case of a relatively low measurement 
5 frequency (for example, 10 MHz) . 
[0105] 

Note that the reason why an average particle 
dicuneter of the ceramic particles is set to be in the 
above range is the same as that in the first embodiment. 
10 [0106] 

The lower limit of the average particle diameter is 
1.0 pm or larger, preferably 1.1 ym or larger, more 
preferably 1.3 or larger, furthermore preferably 1.4 
ym or larger, particularly preferably 1.6 \jm or larger, 
15 and most preferably 1.8 pm or larger. Also, the upper 

limit of average particle diameter is 4.5 ym or smaller, 
preferably 4.2 ym or smaller, more preferably 4.1 ym or 
smaller, furthermore preferably 4.0 ym or smaller, 
-particularly preferably 3.4 ym or smaller, and most 
20 preferably 3.2 ym or smaller. Note that an average 

particle diameter of the ceramic particles in the second 
embodiment is measured by the code length measuring 
method in the same way as in the first embodiment. 
[0107] 

25 In the second embodiment, the ceramic particles are 

composed to have the above predetermined composition and 
made to have an average particle diameter of 1.0 to 4.5 
ym, so that it is possible to obtain piezoelectric 
ceramics and a piezoelectric ceramic resonator having a 

30 large Qnax in the third harmonic mode of thickness 
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vertical vibration. In the second embodiment, since 
piezoelectric ceramics including ceramic particles as 
above is used, the Qmax in the third harmonic mode of 
thickness vertical vibration at 60 MHz can be preferably 
6 or larger, and more prefercibly 6.2 or larger. 
[0108] 

A thickness of the piezoelectric substance layer 2 
is not particularly limited, but is normally 50 to 300 pm 
or so. Also, in the second embodiment, a polarization 
direction of the piezoelectric substance layer 2 is the 
same as a thickness direction of the piezoelectric 
substance layer 2 . 
[0109] 

The piezoelectric ceramic resonator 1 of the second 
embodiment can be produced in the same method as that in 
the first embodiment except for the explanation below, 
and an explanation on the overlapping part will be 
omitted. 

[0110] 

First, main component materials and subcomponent 
materials to compose piezoelectric ceramic material 
powder are prepared. 

In the second embodiment, being different from the 
first embodiment, oxides of respective elements composing 
the bismuth layer compound according to the second 
embodiment explained above and/or compounds which become 
these oxides after firing are used as the main component 
materials. Also, as the subcomponent materials, the same 
materials as those in the first embodiment may be used. 

[0111] 
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Next, in the same way as in the first embodiment, 
the main conponent materials and subcomponent materials 
are wet mixed, and the obtained material powder is 
calcined so as to obtain a calcined material. The 
obtained calcined material is made to be slurry, 
pulverized and dried to obtain piezoelectric ceramic 
material powder. 
[0112] 

In the second embodiment, being different from the 
first embodiment, it is preferable that the fine 
pulverization is performed, so that the 50% diameter (D50 
dieuneter) in cxamulative number-size distribution of the 
piezoelectric ceramic material powder to be obtained 
becomes preferably 1.1 to 1.85 yni/ and more preferably 
1.15 to 1.6 ym. 

[0113] 

Next, in the same way as in the first embodiment, 
the piezoelectric ceramic material powder is granulated, 
then, press molded to be a mold, siibjected binder removal 
processing, then, fired, so that a sintered body of the 
piezoelectric ceramics is obtained. 
[0114] 

In the second embodiment, firing is preferably 
performed under the condition below. Namely, the firing 
temperature is preferably 1100 to 1250' C, and more 
preferably 1150 to 1200 "C. Also, the firing time is 
preferably 1 to 3 hours or so. Note that, in the second 
embodiment, the reason why the firing temperature is set 
as above is the same as that in the first embodiment. 

[0115] 
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Next:, In -the same way as in tti& first embodiment:, a 
sintered body of the piezoelectric ceramics obtained by 
the firing is cut and siabjected to polarization 
processing, so that vibrating electrodes 3 are formed. In 
5 the second embodiment, the polarization processing is 
performed, so that the polarization direction of the 
sintered body becomes the same as the thickness direction 
of the piezoelectric substance layer 2 . 
[0116] 

10 According to the second embodiment, in the 

piezoelectric ceramics and the piezoelectric cereunic 
resonator, it is possible to attain the Qmax in the third 
harmonic mode of thickness vertical vibration at 60 MHz 
of preferably 6 or larger, and more prefercdDly 6.2 or 

15 larger. The reason why the measurement frequency is set 
to 60 MHz is to deal with a personal computer, 
particularly, microcomputer control in a hard disk and 
microcomputer control in a printer, etc. In the case of 
being used for the use objects, preferably, the 

20 piezoelectric ceramics having the Qmax in the third 

harmonic mode of thickness vertical vibration at 60 MHz 
of 6 or larger is demanded. f 
[0117] 

Note that, in the second embodiment, a Qmax in the 
25 third harmonic mode of thickness vertical vibration at 60 
MHz was explained, however, the piezoelectric ceramic 
resonator of the second embodiment has a large Qmax also 
in a frequency band of 16 to 65 MHz or so and may be also 
suitably used in that frequency band. According to the 
30 second embodiment, the Qmax at 16 to 25 MHz or so 
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(particularly 16.9 MHz and 20 MHz) can be preferably 8 or 
larger, the Qmax at 25 to 40 MHz or so (particularly 33 
MHz) can be preferably 7 or larger, the Qmax in 45 to 55 
MHz or so (particularly 50 MHz) can be preferably 6.5 or 
larger, and the Qmax in 55 to 65 MHz or so can be 
preferably 6 or larger. 
[0118] 

Third Embodiment 

In the third embodiment, piezoelectric ceramics 
include at least Ba, Sr, Ln, Bi, Ti and O, a bismuth 
layer confound including M^^Bi4Ti40i5 type crystal (M^^ is 
an el^ent composed of Ba, Sr and Ln) as the main 
component, an oxide of Mn and an oxide of Ge as the 
subcomponent, and ceramic particles controlled to have an 
average particle diameter in a predetermined range. 

[0119] 

Piezoelectric ceramics and piezoelectric ceramic 
resonator of the third embodiment can obtain a larger Qmax 
of Q between a resonant frequency and an antiresonant 
frequency with respect to a fundamental wave of 
thickness-shear vibration at 4 to 12 MHz, particularly at 
8 MHz. ; 

[0120] 

Below, the third embodiment of the present 
invention will be explained. 

Note that the third embodiment has the same 
configuration and effects as those in the first 
embodiment except for the description below, and an 
explanation on the overlapping part will be omitted. 
[0121] 
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In the piezoelectric cereunic resonator 1 in the 
third embodiment, the piezoelectric substance layer 2 is 
different comparing with that in the first embodiment. 

[0122] 

5 The piezoelectric sxibstance layer 2 of the third 

embodiment includes the piezoelectric ceramics according 
to the third aspect of the present invention. 

The piezoelectric ceramics according to the third 
aspect include ceramic particles. 
10 The ceramic particles include a main component 

including a bismuth layer compound and a subcomponent 
including at least an oxide of Mn and an oxide of Ge. 
[0123] 

The bismuth layer compound has a layered 
15 configuration that a pseudo~perovs]cite structure layer is 
sandwiched by a pair of layers of Bi and O. 

In the third embodiment, the bismuth layer compound 
contains at least Ba, Sr, Ln (note that Ln is lanthanoid 
element), Bi , Ti and O, and includes M"Bi4Ti40i5 type 
20 crystal. The M^^ in the M^^Bi4Ti40i5 type crystal is an 
element composed of Ba, Sr and Ln and preferably 
expressed by a composition formula of (Bai-a-p Sra 
Lnp) BiYTi40i5 . Note that, in the present invention, an 
oxygen (O) amount may be a little deviated from the above 
25 stoichiometric composition. 
[0124] 

In the aJDove composition formula, ^^a" preferably 
satisfies 0.1 < a ^ 0.6, and more preferably 0.2 ^ a ^ 
0.5. The ^^a" indicates the nximber of atoms of Sr. When an 
30 a value is too small, it is liable that the sinterability 
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becomes unstable, large holes arise and the Qmax declines, 
while when too large, the Qmax declines and the 
temperature characteristics tend to decline. Note that, 
in the third embodiment, the Qmax means a value in the 
5 fundamental wave mode of thickness -shear vibration at 8 
MHz. 

[0125] 

In the above composition formula, ^^P" preferably 
satisfies 0.05 ^ p ^ 0.5, and more preferably 0.1 < p ^ 

10 0.3. The ^^p^' indicates the number of atoms of Ln. Ln has 
an effect of improving Qmax- Here, Ln indicates a 
lanthanoid element and, particularly, at least one kind 
of element selected from La, Gd, Sm, Nd and Yb is 
preferable among lanthanoid elements in the third 

15 embodiment. When the p value is too small or too large, 
the Qmax tends to decline. 
[0126] 

In the above composition formula, ^^y" preferably 
satisfies 3.90 ^ y ^ 4.30, and more preferably 4.00 ^ y ^ 

20 4.15. The ^^y'' indicates the number of atoms of Bi . When 
the ^^y" is in the above ranges, a mechanical quality 
coefficient (Qm) can be improved. When the y value is too 
small, the sinterability declines and the Qmax tends to 
decline, while when too large, the electric resistance 

25 declines, so that the polarization becomes difficult and 
the Qmax tends to decline. 
[0127] 

A content of the Mn oxide is preferably 0.1 to 1.0 
wt%, and more preferably 0.2 to 0.7 wt% in terms of MnO. 
30 When a content of the Mn oxide is too small, the Qmax 
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tends to decline, while when too large, it is liable that 
the insulation resistance declines and the polarization 
becomes difficult. 
[0128] 

A content of the Ge oxide is preferably 0.05 to 0.5 
wt%, and more preferaJDly 0.1 to 0.3 wt% in terms of Ge02. 
When the content of the Ge oxide is too small, the 
sinterability tends to decline, while when too large, the 
Qmax tends to decline. 
[0129] 

Also, in the third embodiment, the same impurities 
and a trace of additives in the same amount as that in 
the first embodiment may be included. 
[0130] 

A characteristic of the third ^nbodiment is that 
the ceramic particles have an average particle diameter 
of 0.4 to 3.2 ]am. When the average particle diameter of 
the ceramic particles is in the above range, the Qmax of 
the piezoelectric ceramics in the fundamental wave mode 
of thiclcness- shear vibration can be made large. The 
present inventors have found that the Qmax tends to 
decline when the average particle diameter of the ceramic 
particles is too small or too large. 
[0131] 

Note that the reason why an average particle 
diameter of the ceramic particles is set to be in the 
cJDove range in the third embodiment is the same as that 
in the first embodiment. 
[0132] 

The lower limit of the average particle diameter is 
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0.4 ym or larger, prefereibly 0.45 ym or larger, more 
preferably 0.5 pm or larger, furthermore preferably 0.6 
pm or larger, particularly preferably 0.8 pm or larger, 
and most preferably 1.0 pm or larger. Also, the upper 
5 limit of average particle diameter is 3.2 pm or smaller, 
preferably 3.1 pm or smaller, more preferably 2.9 pm or 
smaller, furthermore preferaJ^ly 2.5 pm or smaller, 
particularly preferably 2.2 pm or smaller, and most 
preferably 1.7 pm or smaller. Note that an average 
10 particle diameter of the ceramic particles in the third 
embodiment is measured by the code length measuring 
method in the same way as in the first embodiment. 
[0133] 

In the third embodiment, the ceramic particles are 
15 composed to have the above predetermined composition and 
made to have an average particle diameter of 0.4 to 3.2 
pm, so that it is possible to obtain piezoelectric 
ceramics and a piezoelectric ceramic resonator having a 
large Qmax in the fundamental wave mode of thickness -shear 
20 vibration. In the third embodiment, since piezoelectric 
cersunics including ceramic particles as above is used, 
the Qmax in the fundamental wave mode ofT' thickness -shear 
vibration at 8 MHz can be preferably 23 or larger, more 
preferably 25 or larger, and particularly preferably 27 
25 or larger. 

[0134] 

A thickness of the piezoelectric substance layer 2 
is not particularly limited, but is normally 80 to 350 pm 
or so. Also, in the third embodiment, a polarization 
30 direction of the piezoelectric substance layer 2 is 
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perpendicular to a thickness direction of the 
piezoelectric substance layer 2 being different from that 
in the first and second embodiments. 
[0135] 

A conductive material included in the vibrating 
electrodes 3 is not particularly limited and, for exeunple, 
Ag, etc. may be used in the same way as in the first 
embodiment, and the shape may be also the same as that in 
the first embodiment. Note that, in the third embodiment, 
a thickness of the vibrating electrodes 3 is normally 1 
to 8 pm or so. 
[0136] 

The piezoelectric ceramic resonator 1 of the third 
embodiment can be produced in the same method as that in 
the first embodiment except for the explanation below, 
and an explanation on the overlapping part will be 
omitted. 

[0137] 

First, main component materials and subcomponent 
materials to compose piezoelectric ceramic material 
powder are prepared. 

In the third embodiment, being different from the 
first embodiment, oxides of respective elements composing 
the bismuth layer compound according to the third 
embodiment explained above and/or compounds which become 
these oxides after firing are used as the main component 
materials. Also, as the subcomponent materials, oxides of 
respective subcomponents explained above and/or compounds 
which become these oxides after firing may be used. 

[0138] 
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Hext/ in the same way as in the first embodiment^ 
the main component materials and siobcomponent materials 
are wet mixed, and the obtained material powder is 
calcined so as to obtain a calcined material. The 
5 obtained calcined material is made to be slurry, 

pulverized and dried to obtain piezoelectric ceramic 
material powder . 
[0139] 

In the third embodiment, being different from the 
10 first embodiment, it is preferable that the fine 

pulverization is performed, so that the 50% diameter (D50 
diameter) in cxomulative number-size distribution of the 
piezoelectric ceramic material powder to be obtained 
becomes preferably 0.5 to 1.4 ym, and more preferably 0.6 
15 to 1.2 pm. 

[0140] 

Next, in the same way as in the first embodiment, 
the piezoelectric ceramic material powder is granulated, 
then,- -press molded to be a mold, subjected binder removal 
20 processing, then, fired, so that a sintered body of the 
piezoelectric ceramics is obtained. 
[0141] 

In the third embodiment, firing is preferably 
performed under the condition below. Namely, the firing 

25 temperature is preferably 1000 to 1200 "C, and more 
preferably 1050 to 1150' C. Also, the firing time is 
preferably 1 to 8 hours or so. Note that, in the third 
embodiment, the reason why the firing temperature is set 
as above is the same as that in the first embodiment. 

30 [0142] 
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Next, in the same way as in the first embodiment, a 
sintered body of the piezoelectric ceramics obtained by 
the firing is cut and subjected to polarization 
processing, so that vibrating electrodes 3 are formed. 
Note that, in the third embodiment, the polarization 
processing is performed, so that the polarization 
direction of the sintered body becomes perpendicular to 
the thickness direction of the piezoelectric substance 
layer 2 being different from the first and second 
embodiments . 

[0143] 

According to the third embodiment, in the 
piezoelectric ceramics and the piezoelectric ceramic 
resonator, it is possible to attain the Qmax in the 
fundamental wave mode of thickness-shear vibration at 8 
MHz of preferably 23 or larger, more preferably 25 or 
larger, and particularly preferably 27 and larger. The 
reason why the measurement frequency is set to 8 MHz is 
to deal with an IC control for vehicles and an IC for 
controlling AV devices, etc. In the case of being used 
for the use objects, preferably, the piezoelectric 
cereonics having the Qmax in the fundamental wave mode of 
thickness-shear vibration at 8 MHz of .23 or larger is 
demanded . 

[0144] 

Note that, in the third embodiment, a Qmax in the 
fundamental wave mode of thickness -shear vibration at 8 
MHz was explained, however, the piezoelectric element of 
the third embodiment has a large Qmax also in a frequency 
band of 4 to 12 MHz or so and may be also suitably used 
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in that frecjuency band. According to the third embodiment, 
for example, the Qmax at 4 to 6 MHz or so can be 
preferably 17 or larger, and the Qmax at 10 to 12 MHz or 
so can be preferably 23 or larger. 
[0145] 

Embodiments of the present invention were explained 
above, but the present invention is not limited to the 
above embodiments and may be variously modified within 
the scope of the present invention. 
[0146] 

For example, in the above first to third 
embodiments, a piezoelectric ceramic resonator was 
explained as an example of a piezoelectric element 
according to the present invention, but the piezoelectric 
element according to the present invention is not limited 
to a piezoelectric ceramic resonator and may be any as 
far as it includes a piezoelectric substance layer 
composed of piezoelectric ceramics having the ceramic 
particles as above . 
[0147] 

Also, in the first to third embodiments, timing of 
adding subcomponent materials was same as that of main 
component materials, but the main component materials may 
be brought to react in advance to obtain a reacted 
substance and, then, the subcomponent materials may be 
added . 

EXAMPLES 
[0148] 

Below, the present invention will be explained 
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based on further detailed examples, but the present 
invention is not limited to the examples. 
[0149] 

First, examples 1-1 to 1-4 according to the first 
aspect (first embodiment) of the present invention will 
be explained. 

[0150] 

Example 1-1 

SrCOs, La203/ Bi203 and Ti02 as main component 
materials and MnCOs as subcomponent material were 
prepared and the main component materials were weighed so 
as to attain a final composition of the main component of 
(Sro.sLao.i) Bi4.oi5Ti40i5 and the subcomponent material MnCOa 
was weighed, so that content thereof becomes 0.5 wt%. 
Next, pure water was added, wet mixed for 16 hours by a 
ball mill in the pure water added with zirconia media, 
and dried sufficiently to obtain mixed powder. 

[0151] 

The obtained mixed powder was temporarily molded 
and subjected to calcining in the air at 800 'C for 2 
hours, so that a calcined material was produced. Next, 
the obtained calcined material was added' with pure water, 
finely pulverized in the pure water by a ball mill in the 
pure water added with zirconia media, and dried to 
produce piezoelectric ceramic material powder. Note that 
when finely pulverizing, time for finely pulverization 
and a pulverization condition were changed to obtain 
piezoelectric ceramic material powders, each having 
different particle diameter (D50 diameter) . Note that the 
particle diameter (D50 diameter) of each piezoelectric 
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ceramic material powder was obtained to measure 50% 
diameters in cumulative number-size distribution by 
performing the laser light diffraction method. 
[0152] 

5 The piezoelectric ceramic material powders having 

different particle diameters were added with 6 wt% of 
pure water as a binder and press molded to obtain a 
temporary mold of 40 mm in length x 40 mm in width x 13 
mm in thickness, then, after vacuum packing the temporary 
10 mold, isostatic pressing with a pressure of 245 MPa was 
performed to obtain a mold. 
[0153] 

Next, the mold was fired at respective temperatures 
of 1100 to 1225 "C to obtain a sintered body. Then, the 
15 sintered body was cut and surface processing by lapping 

was performed to obtain a size of 30 mm in length x 30 mm 
in width x 0.30 mm in thickness. 
[0154] 

-On-both sides of the sintered body cut as above, Cu 
20 electrodes for polarization processing were formed by the 
vacuum evaporation method, an electric field of at least 
1.5 X Ec (MV/m) was applied for one minute in a silicon 
oil bath at 250 'C to perform polarization processing. 
Note that ^^Ec" is a coercive electric field of each 
25 sintered body at 250* C. 
[0155] 

Next, the Cu electrodes were removed from the 
sintered body subjected to the polarization processing by 
etching by using a ferric chloride solution, then, the 
30 sintered body was cut again by lapping to obtain a 
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piezoelectric cerainic sample in 2.5 mm in length x 2.0 mm 
in width x 0.25 mm in thickness. Note that, in the 
present example, the polarization direction of the 
piezoelectric ceramics sample was made to be the same as 
a thickness direction thereof. 
[0156] 

At the center on both surfaces of the piezoelectric 
ceramics sample, Ag electrodes having a diameter of 8 mm 
and a thickness of 1 ym were formed by the vacuum 
evaporation method, so that piezoelectric ceramic 
resonator Seonples using piezoelectric ceramics material 
powder having different particle diameters and different 
firing temperatures were obtained. 
[0157] 

Measurement of Particle Diameter of Ceramic 
Particles 

Measurement of particle diameters of ceramic 
particles composing the piezoelectric svibstance layer was 
made. Measurement of a particle diameter was- made by 
first cutting an obtained piezoelectric ceramic resonator 
sample on a plane perpendicular to the vibrating 
electrodes, polishing the cut surface, observing the 
polished surface by a scanning electronic microscope 
(SEM) , and calculating by the code length measuring 
method on an assiimption that a shape of the ceramic 
particles was sphere. A scope of the SEM was 23 pm x 30 
pm, at least 5 SEM pictures were used for one sample, 6 
straight lines crossing at an angle of 60' at the center 
of each SEM picture were drawn, a code length (L3) was 
measured on particles on the straight lines, and an 
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average particle diameter was obtained. Note that when 
obtaining an average particle diameter, a constant ^^k'' to 
be multiplied with the average code length (L3(ave)) was k 
= 1.5. FIG. 4 shows an example of the SEM pictures used 
5 in the particle diameter measurement in the present 

example. This is a SEM picture of a sample, wherein an 
average particle diameter by the code length measuring 
method was 1.83 pm. 
[0158] 

10 Measurement of Ou^^ 

By measuring impedance characteristics of the 
piezoelectric ceramic samples produced as above in the 
third harmonic mode of thickness vertical vibration (24 
MHz) by using an impedance analyzer (HP4194A made by 
15 Hewlett Packard) , a Qnax was obtained. The Qmax was 
considered preferaJDle when it is 8 or larger. 
[0159] 

FIG. 5 is a graph showing a relationship of an 
average- particle diameter of ceramic particles composing 
20 the piezoelectric substance and a Qmax in the third 
harmonic mode of thickness vertical vibration of a 
piezoelectric ceramic resonator sample in piezoelectric 
cereunic resonator samples produced in the excunple 1-1. 
[0160] 

25 From FIG. 5, it was possible to confiirm a tendency 

that a Qmax value increases as the average particle 
diameter increases until the average particle diameter of 
the ceramic particles reaches 2.5 ym or so, and when the 
average particle diameter excesses 2.5 ym or so, the Qmax 

30 value starts to decrease as the average particle diameter 
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increases . 

[0161] 

From the result, it was confirmed that the Qmax 
tends to decrease when an average particle diameter of 
5 ceramic particles composing a piezoelectric substance is 
too small or too large in piezoelectric ceramic resonator 
samples . 

[0162] 

In the example 1-1, preferable result of the Qmax 
10 exceeding 8 was obtained in samples, wherein an average 
particle diameter of the ceramic particles was 0.8 to 4.7 
Vun. Among them, particularly preferable result of the Qmax 
exceeding 10 was obtained in saimples, wherein an average 
particle diameter of the ceramic particles was 1.3 to 3.6 
15 \xm. 

[0163] 

Example 1-2 

Other than changing a ratio of Sr and La in the 
main component and the final composition of -the main 

20 component to (Sro,93liao.o7)Bi4.oi5Ti40i5f piezoelectric 

ceramic resonator samples using piezoelectric ceramics 
material powder having different particle diameters and 
fired at different firing temperatures were produced in 
the same way as in the example 1-1. 

25 [0164] 

FIG. 6 is a graph showing a relationship of an 
average particle diameter of ceramic particles composing 
the piezoelectric substance and a Qmax in the third 
harmonic mode of thickness vertical vibration of a 

30 piezoelectric ceramic resonator sample in piezoelectric 
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ceramic resonator samples produced in the example 1-2. 
[01651 

From FIG. 6, even in the case of using 
piezoelectric ceramics having ceramic particles, wherein 
a ratio of Sr and La is changed and a conposition of the 
main component is changed to (Sro.93Lao.o7)Bi4.oi5Ti40i5f it 
was confirmed that the Qmax value tends to decrease when 
an average particle diameter of ceraunic particles is too 
small or too large in the same way as in the example 1-1 . 

[0166] 

In the example 1-2, samples with ceramic particles 
having an average particle diameter of 1.0 to 3.7 pm 
exhibited preferable result that the Qm^x exceeded 8. 
.Among them, samples with cersunic particles having an 
average particle diameter of 1.7 to 2.5 )im exhibited 
particularly preferable result that the Qmax exceeded 10. 

[0167] 

Example 1-3 

Other than using Gd203 instead of La203 as the main 
component material and changing the final composition of 
the main component to (Sro.9Gdo.i)Bi4.oi5Ti40i5, 
piezoelectric cereunic resonator samples using 
piezoelectric cercunu.cs material powder fired at different 
particle diameters and having different firing 
temperatures were produced in the same way as in the 
example 1-1. 

[0168] 

FIG. 7 is a graph showing a relationship of an 
average particle diameter of ceramic particles composing 
the piezoelectric substance and a Qmax in the third 
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harmonic mode of thickness vertical vibration of a 
piezoelectric ceramic resonator sample in piezoelectric 
cercunaic resonator samples produced in the example 1-3. 
[0169] 

5 From FIG. 7, respective piezoelectric ceramic 

resonator samples in the example 1-3 using piezoelectric 
ceramics having ceramic particles, wherein a composition 
of the main component is changed to (Sro.9Gdo.i) Bi4.oi5Ti40i5/ 
it was confirmed that the Qmax value tends to decrease 
10 when an average particle diameter of ceramic particles is 
too small or too large in the same way as in the examples 
1-1 and 1-2. 

[0170] 

In the example 1-3, samples with ceramic particles 
16 having an average particle diameter of 0.8 to 4.6 pm 
exhibited preferable result that the Qmax exceeded 8. 
J^ong them, samples with ceramic particles having an 
average particle diameter of 1.3 to 3.3 pm exhibited 
particularly preferable result that the Qmax exceeded 10. 
20 [0171] 

Example 1-4 

Other than changing a content of MriCOa as the 
subcomponent material to 0.6 wt%, piezoelectric ceramic 
resonator samples using piezoelectric ceramics material 
25 powder having different particle diameters and fired at 
different firing temperatures were produced in the same 
way as in the exeunple 1-1. 
[0172] 

FIG. 8 is a graph showing a relationship of an 
30 average particle diameter of ceramic particles composing 
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the piezoelectric sxibstance and a Qaax, in the third 
harmonic mode of thickness vertical vibration of a 
piezoelectric ceramic resonator sample in piezoelectric 
ceramic resonator samples produced in the example 1-4. 
5 [0173] 

From FIG. 8, piezoelectric ceramic resonator 
samples in the example 1-4 using piezoelectric ceramics 
having ceramic particles, wherein a content of MnCOa was 
changed to 0.6 wt%, was confirmed that the Qmax value 
10 tends to decrease when an average particle diameter of 
ceramic particles is too small or too large in the same 
way as in the examples 1-1 to 1-3. 
[0174] 

In the example 1-4, samples with ceramic particles 
15 having an average particle diameter of 0.8 to 4.7 pm 
exhibited preferable result that the Qmax exceeded 8. 
Among them, ssunples with ceramic particles having an 
average particle diameter of 1.3 to 4.2 pm exhibited 
particularly preferable result that the Qmax exceeded 10. 
20 [0175] 

Next, examples 2-1 to 2-4 according to the second 
aspect (second embodiment) of the present invention will 
be explained. 
[0176] 
25 Example 2-1 

First, CaCOs, La203, Bi203 and Ti02 as main component 
materials and MnO as subcomponent material were prepared 
and the main component materials were weighed so as to 
attain a final composition of the main component of 
30 (Cao.97Lao.o3)Bi4,oiTi40i5 and the subcomponent material MnO 
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was weighed, so that a content thereof becomes 0.5 wt%. 
[0177] 

Next, in the same way as in the example 1-1, mixed 
powder was obtained and made to be temporarily molded and 
5 siobjected to calcining, so that a calcined material was 
obtained. Then, the obtained calcined material was 
subjected to fine pulverization and dried, so that 
piezoelectric ceramics material powder was produced. Note 
that, in the present example, in the same way as in the 
10 example 1-1, by changing time for finely pulverization 
and a pulverization condition, piezoelectric ceramic 
material powders, each having different particle diameter 
(D50 diameter) , were obtained. 
[0178] 

15 In the same way as in the example 1-1, by using the 

piezoelectric ceramic material powders having different 
particle diameters, molds were obtained and fired at 
respective temperatures of 1150 to 1200 'C so as to obtain 
sintered bodies. 

20 [0179] 

After that, in the same way as in the example 1-1, 
the obtained sintered body was cut and polished by 
lapping to obtain a size of 30 mm in length x 30 mm in 
width X 0.25 mm in thiclcness. Then, polarization 

25 processing was performed to foirm Ag electrodes, so that 
piezoelectric ceramic resonator samples using 
piezoelectric ceramics material powder having different 
particle diameters and fired at different firing 
temperatures were obtained. 

30 [0180] 
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Note that, in the present example, a size of the 
piezoelectric cerainic samples was 2.5 mm in length x 2.0 
mm in width x 0.12 mm in thickness in the same way as in 
the example 1-1, and the Ag electrode had a diameter of 
5 1.4 mm and a thickness of 1 |jm. Also, in the example 2-1, 
the polarization direction of the piezoelectric ceramics 
sample was made to be the same as a thickness direction 
thereof in the same way as in the example 1-1. 
[0181] 

10 Measurement of particle diameters of the ceramic 

particles was made on the obtained piezoelectric ceramic 
resonator Seonples by the same method as that in the 
example 1-1. Note that FIG. 9 is an example of a SEM 
picture used in the particle diameter measurement in the 

15 present example. This is a SEM picture of a sample 

wherein an average particle diameter by the code length 
measuring method was 2.18 pm. Also, measurement of a Qmax 
was made by the same method as that in the example 1-1 
other than, measuring under a condition of the third 

20 harmonic mode of thickness vertical vibration (60 MHz) . 
[0182] 

FIG. 10 is a graph showing a relationship of an 
average particle diameter of ceramic particles composing 
the piezoelectric sxibstance and a Qmax in the third 

25 harmonic mode of thickness vertical vibration of a 

piezoelectric ceramic resonator sample in piezoelectric 
ceramic resonator samples produced in the example 2-1. 
From FIG. 10, it was confirmed that there was a tendency 
that a Qmax value increases as the average particle 

30 diameter increases until the average particle diameter of 
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the ceramic particles reaches 2.9 ym or so, and when the 
average particle diameter excesses 2.9 pm or so, the Qmax 
value starts to decrease as the average particle diameter 
increases . 
5 [0183] 

From the result, it was confirmed that the Qmax 
tends to decrease when an average particle diameter of 
ceramic particles composing a piezoelectric substance is 
too small or too large in piezoelectric ceramic resonator 
10 samples . 

[0184] 

In the example 2-1, preferable result of the Qmax 
exceeding 6 was obtained in samples, wherein an average 
particle diameter of the ceramic particles was 1.0 to 4.5 
15 pm. Among them, particularly preferable result of the Qmax 
exceeding 6.5 was obtained in samples, wherein an average 
particle diameter of the ceramic particles was 1.3 to 4.2 
ym. 

[0185] 
20 Example 2-2 

Other than changing a ratio of Ca and La in the 
main component and the final composition' of the main 
component to (Cao.sliao.i) Bi4.oiTi40i5 , piezoelectric ceramic 
resonator samples using piezoelectric ceramics material 
25 powder having different particle diameters and fired at 
different firing temperatures were produced in the same 
way as in the example 2-1. 
[0186] 

FIG. 11 is a graph showing a relationship of an 
30 average particle diameter of ceramic particles composing 
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the piezoelectric substance and a Qmax In the third 
harmonic mode of thickness vertical vibration of a 
piezoelectric ceramic resonator sample In piezoelectric 
ceramic resonator samples produced In the example 2-2. 
5 [0187] 

From FIG. 11, even In the case of using 
piezoelectric ceramics having ceramic particles, wherein 
a ratio of Ca and La Is changed and a composition of the 
main con^onent Is changed to (Cao.sLao.i) BI4.01TI4O15/ It was 
10 confirmed that the Qmax value tends to decrease when an 

average particle diameter of ceramic particles composing 
a piezoelectric substance Is too small or too large. 
[0188] 

In the example 2-2, samples with ceramic particles 
15 having an average particle diameter of 1.3 to 4.1 ]am 
exhibited preferable result that the Qmax exceeded 6. 
.Among them, samples with ceramic particles having an 
average particle diameter of 1.6 to 3.8 pm exhibited 
particularly preferable result that the Qmax exceeded 6.5. 
20 [0189] 

Example 2-3 

Other than using Pr203 Instead of La.203 as the main 
component material and changing the final composition of 
the main component to (Cao.gPro.i) BI4.01TI4O15, piezoelectric 
25 ceramic resonator samples using piezoelectric ceramics 
material powder having different particle diameters and 
fired at different firing temperatures were produced in 
the same way as in the example 2-1. 
[0190] 

30 FIG. 12 is a graph showing a relationship of an 
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average particle diamelzer of ceramic particles composing 
the piezoelectric siibstance and a Qmax in the third 
harmonic mode of thickness vertical vibration of a 
piezoelectric cereonic resonator sample in piezoelectric 
5 ceramic resonator samples produced in the exeunple 2-3. 
[0191] 

From FIG. 12, respective piezoelectric ceramic 
resonator samples in the example 2-3 using piezoelectric 
ceramics having ceramic particles, wherein a composition 

10 of the main component was changed to (Cao.aPro.i) Bi4.oiTi40i5/ 
it was confirmed that the Qaax value tends to decrease 
when an average particle diameter of ceramic particles is 
too small or too large in the same way as in the examples 
2-1 and 2-2. 

15 [0192] 

In the example 2-3, sanples with ceramic particles 
having an average particle diameter of 1.1 to 4.0 ]am 
exhibited preferable result that the Qmax exceeded 6. 
Among them, samples with ceramic particles having— an 

20 average particle diameter of 1.5 to 3.4 ym exhibited 

particularly preferad^le result that the Qmax exceeded 6.5. 

[0193] : " 

Example 2-4 

Other than changing a content of MnO as the 
25 siibcomponent material to 0.3 wt%, piezoelectric ceramic 
resonator samples using piezoelectric ceramics material 
powder having different particle diameters and fired at 
different firing temperatures were produced in the same 
way as in the example 2-2. 
30 [0194] 
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FIG. 13 is a graph showing a relationship of an 
average particle diameter of ceramic particles composing 
the piezoelectric substance and a Qmax in the third 
harmonic mode of thickness vertical vibration of a 
5 piezoelectric ceramic resonator Scocqple in piezoelectric 
ceramic resonator samples produced in the example 2-4 . 
[0195] 

From FIG. 13, piezoelectric ceramic resonator 
samples in the example 2-4 using piezoelectric ceramics 
10 having ceramd.c particles, wherein a content of MnO was 
changed to 0.3 wt%, it was confirmed that the Qmax value 
tends to decrease when an average particle diameter of 
ceramic particles is too small or too large in the same 
way as in the examples 2-1 to 2-3. 
15 [0196] 

In the exan^le 2-4, sanples with ceramic particles 
having an average particle diameter of 1.4 to 4.2 v™ 
exhibited preferable result that the Qmax exceeded 6. 
[0197] 

20 Next, examples 3-1 to 3-5 according to the third 

aspect (third embodiment) of the present invention will 
be explained. 
[0198] 

Example 3-1 

25 First, BaCOs/ SrCOa, La203, Bi203 and Ti02 as main 

component materials and MnO and GeOa as subcomponent 
materials were prepared and the main component materials 
were weighed so as to attain a final composition of the 
main component of (Bao.eSro.aLao.i) Bi4.033Ti4Oi5 and the 

30 subcomponent material MnO was weighed, so that a content 
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thereof becomes 0.3 wt% and Ge02 to be a content of 0.15 
wt%. 

[0199] 

Next, in the same way as in the example 1-1, mixed 
5 powder was obtained and made to be temporarily molded and 
siibjected to calcining, so that a calcined material was 
obtained. Then, the obtained calcined material was 
subjected to fine pulverization and dried, so that 
piezoelectric ceramics material powder was produced. Note 
10 that, in the present exaznple, in the same way as in the 
example 1-1, by changing time for finely pulverization 
and a pulverization condition, piezoelectric ceramic 
material powders, each having different particle diameter 
(D50 diameter) , were obtained. 
15 [0200] 

In the same way as in the exan^le 1-1, by using the 
piezoelectric ceramic material powders having different 
particle diameters, molds were obtained and fired at 
respective temperatures of 1100 to 1150 °C so as to obtain 
20 sintered bodies. 

[0201] 

After that, in the same way as in 'the example 1-1, 
the obtained sintered body was cut and polished by 
lapping to obtain a size of 30 mm in length x 30 mm in 

25 width X 0.25 mm in thickness. Then, polarization 

processing was performed to form Ag electrodes, so that 
piezoelectric ceramic resonator samples using 
piezoelectric ceramics material powder having different 
particle diameters and fired at different firing 

30 temperatures were obtained. 
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[0202] 

Note that/ in the present example, a size of the 
piezoelectric cerainic samples was 2.5 mm in length x 2.0 
mm in width x 0.12 mm in thickness and the Ag electrode 
6 had a diameter of 1.4 mm and a thickness of 1 \jm. Also, 
in the example 3-1, the polarization direction of the 
piezoelectric ceramics sample was made to be 
perpendicular to a thickness direction of the 
piezoelectric ceramics sample being different from the 
10 case in the example 1-1. 
[0203] 

Measurement of particle diameters of the ceramic 
particles was made on the obtained piezoelectric ceramic 
resonator samples by the same method as that in the 

15 example 1-1. Note that FIG. 14 is an exeuaple of a SEM 

picture used in the particle diameter measurement in the . 
present example. This is a SEM picture of a sample 
wherein an average particle diameter by the code length 
measuring -method was 1.17 ]im. Also, measurement of a Qmax 

20 was made by the same method as that in the example 1-1 

other than measuring under a condition of the fundamental 
wave mode of thickness -shear vibration . (8 MHz) . 
[0204] 

FIG. 15 is a graph showing a relationship of an 
25 average particle diameter of ceramic particles composing 
the piezoelectric substance and a Qmax in the fundounental 
wave mode of thickness -shear vibration of a piezoelectric 
ceramic resonator sample in piezoelectric ceramic 
resonator samples produced in the example 3-1. From FIG. 
30 15, it was confiimed that there was a tendency that a Qmax 
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value increases as the average particle diameter 
increases until the average particle diameter of the 
ceramic particles reaches 1.6 pm or so, and when the 
average particle diameter excesses 1.6 pm or so, the Qmax 
value starts to decrease as the average particle diameter 
increases . 

[0205] 

From the result, it was confirmed that the Qmax 
tends to decrease when an average particle diameter of 
ceramic particles composing a piezoelectric substance is 
too small or too large in piezoelectric ceramic resonator 
samples . 

[0206] 

In the example 3-1, preferable result of the Qmax 
exceeding 23 was obtained in samples, wherein an average 
particle diameter of the ceramic particles was 0.4 to 2.9 
Tjm. i^ong them, particularly preferable result of the Qmax 
exceeding 27 was obtained in samples, wherein an average 
particle diameter of the ceramic particles was 0.8 to 1.9 
Vim. 

[0207] 

Example 3-2 - - 

Other than changing a ratio of Ba and Sr in the 
main component and the final composition of the main 
component to (Bao.3Sro.6l-ao.i)Bi4.o33Ti40i5, piezoelectric 
ceramic resonator samples using piezoelectric ceramics 
material powder having different particle diameters and 
fired at different firing temperatures were produced in 
the same way as in the example 3-1. 
[0208] 
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FIG. 16 is a graph showing a relationship of an 
average particle diameter of ceramic particles composing 
the piezoelectric substance and a Qmax in the fundamental 
wave mode of thickness -shear vibration of a piezoelectric 
ceramic resonator sample in piezoelectric ceraunic 
resonator samples produced in the exeunple 3-1 . 

[0209] 

From FIG. 16, even in the case of using 
piezoelectric ceramics having ceramic particles, wherein 
a ratio of Ba and Sr was changed and a composition of the 
main component was changed to (Bao.3Sro.6Lao.i)Bi4.o33Ti40i5/ 
it was confirmed that the Qmax value tends to decrease 
when an average particle dieuneter of ceramic particles is 
too small or too large. 
[0210] 

In the example 3-1, samples with ceramic particles 
having an average particle diameter of 0.45 to 3.1 pm 
exhibited preferable result that the Qmax exceeded 23. 
Among them, samples with cereunic particles having an 
average particle diameter of 0.8 to 1.7 ym exhibited 
particularly preferable result that the Qmax exceeded 27. 

[0211] 

Example 3-3 

Other than using Sm203 instead of La203 as the main 
component and changing the final composition of the main 
component to (Bao.6Sro.3Smo.i) Bi4.033Ti4Oi5 / piezoelectric 
ceramic resonator samples using piezoelectric ceramics 
material powder having different particle diameters and 
fired at different firing temperatures were produced in 
the same way as in the example 3-1 . 
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[0212] 

FIG. 17 is a graph showing a relationship of an 
average particle diameter of ceramic particles composing 
the piezoelectric substance and a Qmax in the fundamental 
5 wave mode of thickness -shear vibration of a piezoelectric 
ceramic resonator sample in piezoelectric ceramic 
resonator samples produced in the example 3-3. 
[0213] 

From FIG, 17, respective piezoelectric ceramic 
10 resonator samples in the example 3-3 using piezoelectric 
ceramics having ceramic particles, wherein a composition 
of the main component was changed to 

(Bao.6Sro.3Smo.i)Bi4.o33Ti40i5/ it was confirmed that the Qmax 
value tends to decrease when an average particle dieuneter 
15 of ceramic particles is too small or too large in the 
same way as in the examples 3-1 and 3-2. 
[0214] 

In the example 3-3, samples with ceramic particles 
having an average particle diameter of 0.6 to 2.9 pm 
20 exhibited preferadDle result that the Qmax exceeded 23. 
Among them, samples with ceraunic particles having an 
average particle diameter of 1.0 to 1.8 exhibited 
particularly preferable result that the Qmax exceeded 27 . 
[0215] 
25 Example 3-4 

Other than changing a content of MnO as the 
subcomponent material to 0.6 wt%, changing a ratio of Ba 
and Sr in the main component, and changing a composition 
of the main component to (Bao.4Sro.5liao.i)Bi4.o33Ti40i5/ 
30 piezoelectric ceramic resonator samples using 
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piezoelect:ric ceramics material powder having different 
particle diameters and fired at different firing 
temperatures were produced in the same way as in the 
example 3-1 . 

[0216] 

FIG. 18 is a graph showing a relationship of an 
average particle dieuneter of ceramic particles composing 
the piezoelectric substance and a Qmax in the fundamental 
wave mode of thickness -shear vibration of a piezoelectric 
ceramic resonator sample in piezoelectric ceramic 
resonator samples produced in the example 3-4 . 
[0217] 

From FIG. 18, piezoelectric ceramic resonator 
samples using piezoelectric ceramics having ceramic 
particles, wherein a content of MhO was changed to 0.6 
wt%, it was confirmed that the Qmax value tends to 
decrease when an average particle diameter of ceramic 
particles is too small or too large in the same way as in 
the examples— 3-1 to 3-3. 
[0218] 

In the example 3-4 , samples with ceramic particles 
having an average particle diameter of 0.5 to 3.2 ym 
exhibited preferable result that the Qmajc exceeded 23. 
Among them, samples with ceramic particles having an 
average particle diameter of 1.0 to 2.2 pm exhibited 
particularly preferable result that the Qmax exceeded 27. 

[0219] 

Example 3-5 

Other than changing a content of Ge02 as the 
subcomponent material to 0.20 wt%, in the same way as in 
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the exemiple 3-1, piezoelectric ceramiic resonator samples 
using piezoelectric ceramics material powder having 
different particle diameters and fired at different 
firing temperatures were produced. 
5 [0220] 

FIG. 19 is a graph showing a relationship of an 
average particle diameter of ceramic particles composing 
the piezoelectric substance and a Qmax in the fundamental 
wave mode of thickness -shear vibration of a piezoelectric 
10 ceramic resonator sample in piezoelectric ceramic 
resonator samples produced in the example 3-5. 
[0221] 

From FIG. 19, piezoelectric ceramic resonator 
SeUTiples using piezoelectric cereunics having ceramic 

16 particles, wherein a content of Ge02 was changed to 0.20 
wt%, it was confirmed that the Qmax value tends to 
decrease when an average particle dieuneter of ceramic 
particles is too small or too large in the same way as in 
the examples 3-1 to 3-4 . 

20 [0222] 

In the example 3-5, samples with ceramic particles 
having an average particle dieuneter of D. 65 to 3.15 pm 
exhibited preferable result that the Qmax exceeded 23. 
Among them, samples with ceramic particles having an 

25 average particle diameter of 1.0 to 2.5 pm exhibited 

particularly preferadDle result that the Qmax exceeded 27. 



